"2

- Stalus of the MINOS Exgetimen

%

e
2 , :
;| r b

George Tzanakos
University of Athens

Outline

Introduction
Physics Goals
The NuMI Beam
MINOS Detectors
v-induced Up-Going pn
Atmospheric Neutrinos
Accelerator Neutrino Data

Conclusions

George Tzanakos, University of Athens, Greece PANIC 2005, Santa Fe, NM, Oct 25, 2005 1



The MINOS Experiment

Precise study of “atmospheric”
neutrino oscillations, using the

NUMI beam and two detectors.

Far Det:
5400 tons

Fermilab \ Soudan

110 km

¥

735km | [~

Near Det: 12 km
980 tons

Soudan g

Duluth e

%

Beam: NuMI beam, 120 GeV
Protons —» V,- beam

Detectors: ND, FD

Far Det: 5.4 kton magnetized
Fe/Sci Tracker/Calorimeter at
Soudan, MN (L=735 km)

Near Det: 980 ton version of
FD, at FNAL (L ~ 1 km)
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MINOS Physics Goals

Demonstrate Oscillation Behavior

— Precise measurement of CC energy distribution between near and
far detector. Confirm flavor oscillation description of data.

— Disciminate against “Non-Standard” models: Decoherence, decay,
extra dimensions ?

Precise Measurement of Oscillation Parameters:

Search for V& Ve oscillation: First Measurement of 6,,?

First Direct Measurement of Atmosphericvvs v

oscillations: The MINOS Far detector is the only large deep
underground detector with a magnetic field.
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S Gollaboration

32 institutions

175 physicists
N

i

Brazil * France °* Greece
Russia * UK « USA

Argonne * Athens * Benedictine * Brookhaven ¢ Caltech  Cambridge * Campinas * Fermilab
College de France * Harvard ¢ lIT * Indiana * ITEP-Moscow ¢ Lebedev * Livermore
Minnesota-Twin Cities * Minnesota-Duluth « Oxford ¢ Pittsburgh ¢ Protvino * Rutherford
Sao Paulo * South Carolina * Stanford * Sussex * Texas A&M
Texas-Austin ¢ Tufts « UCL » Western Washington * William & Mary * Wisconsin
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The NulMi Beam

NulVvvil Tunnel Project
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Neutrino Horns and Spectra

Muon Monitors
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MINOS Detector Technoloyy

WLS Fiber

/ Scintillator Module
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MINOS Far Detecto

5.4 kton Magnetized Scintillator
Calorimeter/Muon Spectrometer

Structure: Steel / Scintillator

2.5 cm thick steel

4 cm x 1 cm polystyrene strips in Al
cover

WLS fiber

8m x 8m Octagonal Planes

8 modules/plane, 192 strips/plane
15.2 k A-turn coil

Cosmic Ray Shield

Total: 486 Layers - 5.4 kTon

AN —

. MUX box

One Supermodule: 248
planes:8m x 8m x 15m




MINOS Near Detector

Emulates the Far detector

in absorber, active planes,
Bfield

Structure:
- veto
» Target section

 Shower detector
‘muon spectrometer

» 282 steel planes

* 153 scint. Planes
*1kT,3.8mx4.8m
“squeezed” octagon
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MINOS Detector Ganahilities

o o A o

. Tracking

Muon detection:
« Muon Charge sign
6%y, =[0.132+(0.3/p)>] GeV2 (pin GeVi/c) (Curvature)

* (o,/p)* =[0.062 + (0.045/p)?] (p in GeV/c) (Muon range)
EM shower detection: o /E = 0.23/E, E in GeV
Hadronic shower: o./E ~ 0.55/E, E in GeV
Timing: o ~ 2.3 ns/ single hit
Veto shield rejection of cosmic rays

Measurement of:

(1,2,3,4) > Neutrino event ID, E, Measurement

(1,5) — particle direction

(1,2,5) > up/down neutrino/antineutrino

George Tzanakos, University of Athens, Greece
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Neutrino Induced Up-going Muons

Data Collection: 464 live days

*7/03 — 6/04 Normal BField

« 2/05 - 4/05 Normal BField
« 304 live days

* 6/04 — 1/05 Reverse BField
* 160 live days

Data Analysis
* Muon ID cut
* Track quality
* Fiducial (Muon enters detector)

* Direction consistent with timing
and tracking

* 1/ cut, (Bc = v = ds/dt)
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Un-uoing muons: Jﬁnelram wuwn
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1e JIJUIIJ Angle Distribution us Momentum

MINOS Prehmmary Pn <10 GeV/c
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FC and PG Aumospheric Neutrinos

* 418 Live days of data in the MINOS Far Detector —» Exposure of 6.18 Kt-years (4.54 kt
— years fiducial).

* Up/down neutrino/antineutrino ID from Magnetic Field + tracking + timing
* S/B 10:1 requires a 106 background rejection

* Event selection cuts identify Fully-Contained (FC) and Partially-Contained (PC) v,/ T/u
events.

Event Selection

O Preselection cuts: Mainly containment

. Selection of FC and downward PC (Dominant BGND: Steep Cosmic Rays: Large
charge depositon in a sigle plane near the track beginning)

+ Cosmic Ray rejection: (A, < 0.5 m — reject track)

« Event Topology cut (remaining S/B = 1:5)

* Vertex charge/direction cut (remaining S/B = 1:1)

* Veto Shield cut (timing: £ 100ns around event time)
» Selection of Upward PC Events

« Event Topology

« Track timing

George Tzanakos, University of Athens, Greece PANIC 2005, Santa Fe, NM, Oct 25, 2005



I\XUIIIJ@SJLUIIJ@RE CFC + I}J(?.J esuits

30 |-

Events

25|
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- == reconstructed track
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Atmospheric FC + PC: Results

Vertex x-y plot

5
Selection Data Expected Expected é - MINOS
No Oscilations | Am?,,=0.0024 eV? > 4 =
Good timing 77 90 + 9 68 +7 3
25
Low Resolution 30 37+4 28 +3 1=
(Uncertain direction) - s,
0 (0.
All Events 107 127 £ 13 96 + 10 - ey
-1
\ 20
Breakdown Background a0
FC 69 CRMuons | 4.4+0.5 -4 X
(fromdata) _S:ll|||||||||||||||||||||||||||||||||||||||||||||||
PC Down 25 S5 4 -3 -2 -1 1 2 3 4 5
PC up 13 NC + v, v, CC | 4.5:0.5 x/m
Estimated . .
Total 107 (Estimated) Fiducial Cuts
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Atmos kG + PC: Eneray and Zenith Angle,

Events

zsf
znf
15}
10f

St

‘ Energy ‘ Zenith Angle
3“_""" ﬂ30_"'|"'|"'|"'I"'I"'I"'I"'I'"|"'_
M N g2 f . MINOS 418 days exposure
Data C No-Osc MINOS | 8 _F P E
. = - - MCAmZ,=00024 eV Data :
— MC (o oscillations) _: 20 - [IMC Commic ray —e V< B
- MC (Am’=0.0024 £V B — _
|:|MCh. ckground - - S SRR
107 Events - : prasssgrasies '
E _ 10 — """"""' —
= + E 5 g 77 Events E
—q _____ | - - ]
e — - 0105 0§ o4 02 4 02 04 06|08 1
/1 g 4E, /Gev 05 Oep
i +E, /Ge
MC Oscil: v. & v poshw .
= n T MC Oscil: v, & v,
sin?20,, = 1.0 - _H MC No-Osc
2 > sin“20,, = 1.0
Am?;=0.0024 eV AmZ2,,=0.0024 eV? MC C-R
MC BGND 2375

Rj;‘}‘j;own Rl doun =0.62+0.14(stat.) £0.02( syst.)

Upward-going/Downward-going Double Ratio
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Atmos FC + PC: Oscillation Analysis

: : L
Oscillation Probability: P(vﬂ—>vﬂ)=1.O—SIn226’zgsln (1 27AMm;, Ej

where : AmZ,[eV ?], L[km], E[GeV]

L/E Plot
ﬂ 18 B L e i
3 16 MINOS e Data 77 Events -
< - MC (no oscillations) .
M af : o
- Data  ----- MC (Am=0.0024 V")
. T [ ] MC Background -
10 |- -
sk 1 MCOscil: v, & v,
= E sin?20,; = 1.0
6 - AmZ2,,=0.0024 eV?
4 -
2 -
0 : A T -
-1 0 | 1 2 3 4 5
log. JL(Kkm)/E(GeV
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Events

[ T R ]

=N |

ATMOS L/E us. rms

0.75> 6> 0.5 |

MC No-Osc _

MINOS
g w7 op
- a) 6>075|] Z¢ED
: 1 %
3 - s | Data
3 ERR
1 3
E IIIIIIII: ﬂ:

1 2 3 4 5 -
log,L/E
IIIIIIIIIIIIII|IIII|IIII|IIII_ ET_IIIIIIIII
F o) 05>6>025 Z(FE a
C ] = C
. 18|

1 UI
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G <0.25 _f

Maximum Likelihood Fit:
vV, Vv,
sinZ20,; = 0.90
AmZ2,.=0.0013 eV?2
(best fit)
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MINOS

ATMOS: 0sc

seil Limits

MINOS Atmospheric v
418 days exposure

e LT

a 1 SRR B
> -
2 T e 68 % C.L.
g - —— 90 % C.L.
<110 1 [p— AlnL=2.3
-« Bestfit
-AlnL = 2.3 -
0 =2 :
90% CL 10 b :
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10 =
o
10
=5 i |
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Best Fit
vV, Vv,
sin 2923 = 0 90
— Am? 23=0.0013 eV?
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MINOS ATM0S: Charge Ratio

vy versus vy

20
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16
14
12
10

Events

o o O O
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v, 34 events <—
22 —— :

—p V_H: 18 events

MINOS

MC vV, oV,
sin?20,, = 1.0
Am?2,,=0.0024 eV?

™~

Data /’_‘_é

e

: ® Data

! —— MC (no oscillations)
P === MC (Am’=0.0024 e V)

: [ ]MC background
: 77 Events

MC No-Osc

I ,_%i_.‘;

=
=)
(=}
ok
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MC BGND

6 8 10
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ATMOS: Charge Separated Up/down Distributions
Selection Data Expected Expected
No Oscilations | Am?2,,=0.0024 eV?
Low Resolution 30 37t4 28+3
Ambig v,/ v, 25 26+ 3 20+ 2
v, 34 42 +4 31+3
v, 23 +2 17 £ 2
fo.= v IEI‘E ;:‘)7 ) =0.35+0.07(stat.) £0.02(syst.) = T/ﬂ fraction

T/ﬂ fraction: Data vs MC

foa | Tuc =0.98+0.19(stat.)+0.06( syst.)

MC assumption: v and ;u oscillate with same parameters

George Tzanakos, University of Athens, Greece PANIC 2005, Santa Fe, NM, Oct 25, 2005 23




ATM0S: Charge Separated Upy/town Distriutions

MC No-Osc MC: Am2=1 eV?2

Am?2 =0.0024 eV?
E 30 - T r T _/ E 30 B T — . ] N
= [ v : 34 events = [ v : 18 events | .
3 . N 0S " A T - @ Data m 1 K
= 25F 1IN 8 = 25} — MCno oscillations . D
[ [ | : =] [ ---naC (;-.H1=;-.mJ=u.uuz4evﬂ ] :'
" [ 15> g MC (AT = 1 eViAm’=0.0024 eV?) | o

i 1 1 T T

| [ 1MC background 1.
- MC No-Osc iy

Data r- —————————————— _J\ _ \ | + ;'
10f . 0F T A ¥ o]

MC Oscil ] Data ——>+ A S ]

L
-
h S
T
-
E
1
1
3
1
1
1 21
ok
Ln
%

5;_ Am223=0_0024 eV2 _E S-Ehhhhhhh hhhhhhhh: _:
ﬂ: i l...|....: I'J: i N T ]
-1 .5 0 T 0.5 1 -1 0.5 0 05 <1
COS Elmﬁﬂ] B cos H,_nifh MC BGND
MC BGND MC: Am2 = Am?2 =0.0024 eV?

* Data consistent with v, and Cu oscillating with same parameters.

CPT violating scenarios with large Am?,; not excluded with current data
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MINOS: Accelerator Neutrinos

Detectors

 MINOS Far Detector completed in July 2003, Magfield in August 2003.
* MINOS Near Detector completed and commisioned by the end of 2004

NuMI Beam

* NuMI beam completed and commisioned by March 2005

* NuMI Beam has delivered: 6.7 x 10'® POT. Hope to have 1 x 1020 POT by
the end of 2005

Data Collection

 MINOS Near Detector has accumulated high statistics

* MINOS Far Detector “sees” NuMI beam neutrino interactions

Data Analysis
* Physics Analysis tools in preparation

* Far Detector uses Blind Analysis.
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NulMi Beam: Protons on Target

NuMI Protons

o 40 B &
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Beam heutrinos: Near Detector

Activity within Spill: 8-10 us, 5-6 buckets (~ 1.6 us long )

Several events: Separate by time slicing and topology : 18.9 ns resolution

Ll

= = — e - I' ' .
Run: 8828 Snark: 73014 Al 3 Siices BRI I RunTTD Sl 126 AN 128lces

Reconshuction Surnniary - Reconsinuciion Summiry
HTracks: 3 8 Showars 1 P FTnacks: & Enowers 7

LE Beam : HE Beam
One Spill - One Spill
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Beam heutrinos: Near Detector

Multiple interactions per spill: High Statistics sample in the ND

evy:-evx | - - c vertices |
Vertex X-Y distribution Entries 167414
2.5 Meanx -1.217
. . . ; Meany 0.0385
2| Fiducial region __. .. RMSx  0.9692
L. T RMSy  0.9246
1.5 : (A ko
B N R
== .
0.5 | 25
0 ;— & 20
05F :
— g 15
=
= fria —10
A.5F e R (
E ',‘- = f_‘q,r\l;; ":E_: = _:_-:- - - ‘ . \ 3
2 et Coilhole 6 I R
- :I | l | | | | l | | | | | 1 | -I | l | | | | l | | | | | | | | 3 5 ,‘
2 -3 -2 -1 0 1 2 e
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Nl Beant: Porrting to the Far Detector

Y-angle must be 3 deg down, ie 93 deg.

Shown below: Muon track direction

[Y Angle for tracks with vertex in fiducial region Jroe¥™kd |

Y angle

600

400

200

- — - —!'—  cosxtrkd
| X Angle for tracks with vertex in fiducial region [gies 17201

Mean 92.72 1000 —
+ RMS 15.61 -
cosytrlkm B
Entries 58628 B
Mean 93.1 800
RMS 15.88 =
600 ;
° °
Preliminary
200

0

20 40 60

Fermilab

1 | 1 11 | 1 L
100 120 140 160 180

Soudan
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X angle

Mean 90.71
+ RMS 15.96
cosxtrkm

Entries 58628
Mean 90.11
RMS 15.98

1 L1 L1 | | L1 | | L1 |
20 40 60 80 100 120 140 160 180

4 /v T~
X
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Near Detector Data: Energy Scan

Entries 16713
Mean 7.918

ME - RMS 6.601
700 Normalized to same | [~ energyinp |
\ number of POT Entries 28773
Mean 7.605
600 RMS 5.387
energyinh

500 Entries 14982

Mean 10.03
RMS 5.281

400

300

200

100

0 5 10 15 20
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Far Detector: Numu CC Event

| Transverse vs Z view - U Planes |
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An Example:

14.7 GeV Netrino interaction
(HE beam run)
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Far Detector: u-euent selection

TIME Difference {sec) between Far Events and Spill Signal (red neutrino candidates, blue cosmic muens ) :"E:‘::'a“:}: %&]laa"m
RMS  2.488¢-06 180 = Mean x 89.05
8 - o i Meany  84.56
- 160[— RMS x 12.89
7 :_ E RMS y 10.38
- 140 7
8 ;_ eY 1201 . —6
E 1001 -" s
4 ;_ r\ o f— N
3 60 f— 3
2 i— 40 f— 2
1= 20 f— 1
0 Eo |06| ! 0”|04| ! ||1 |02| L 0 [ ]” |0 ‘|]2| " |0 ‘|]4|-| ! |0 ‘|:|6 x1 0-3 00: L1 |2|0 L I | PRI |‘“\] L1 \12|0| I |14|'0| I éul I |
- - - Ce.  TIME (sec) —‘ \
» Time
| Cosmics Neutrlno
Timing: Interactions
Beam events occur in a Topology:

10 ps interval Beam events have different
direction than cosmics
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kar Detector: v-event Analysis

- Event characteristics in agreement with expectations

 Blind Analysis employed in the Far Detector Data

Vieiine L SR

=~ o =)

=] =y [ V] W
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Muon Newtrino Disappearance

MC Prediction for Am? = 0.0025 eV?2, sin2 20 = 1.0

Spectrum rotios

[ 7.4x10% p.o.t

1.5

03C/Nn00SC

P r p a2 b a0 0l o 0
0 2 4 6 8 10
Neutrino energy (GeV)

Oscillated/unoscillated ratio of number
of v, CC events in the far detector vs E

George Tzanakos, University of Athens, Greece

Allowed regions

7.4x10% p.o.t

. — 0% C.L.
- — 99%CL.
Y% inpul poromelers
---- Super=K,90% C.L.

N

0.6 0.7 0.8 0.9

L 25x10% p.o.t

MINOS 90% and 99% CL allowed
oscillation parameter space.
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Events

Events

Events

Muon Newtrino Disappearance

Expected results for 1x 102° POT for three values of Am?,,

Energy Spectrum Spectrum Ratio: .
D%:toftion (I)oscil INo-Oscil 90% Confidence Level Contours
rx 20
MINOS sensitivity, 1x10° p.o.t MINOS sensitivity, Am?=0.0022,0.0035,0.005 eV?, sin’20=1
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2 ek ot Z ¥ Input t

w e S oo | * I

5 B L + <] C Super-K, 90% C.L.

e L . 00 + . ‘ ‘ ‘ Co| - K2K, 90% C.L.
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o a4 -
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) e W W B
é 0.003:—
L -

% 7 4§ 3 10 10 0.002—
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-E 1.4, : T
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E 8_ | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
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8 sin%20
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Events

Electron Neutrino Appearance

60 Energy Spectrum

ol Am2, =0.0025 eV?
' sin? 20,,= 0.067

ol 1 1 1 1
1 2 3 4 5 6

Visible Energy (GeV)

3 o Discovery Potential

229

e sin
'S
]

L CHOOZ
o012 /

[ MINOS 7.4 10 pot

1

" MINOS 16 10™ pot

0.06

MINOS 25 10 pot
| AmZ2,, = 0.0025 eV?

0 2 4 6 8 10
Percent Systematic Uncertainty
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3 o discovery potential for three
different levels of protons on target
and versus systematic uncertainty

on the background.
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Electron Neutrino Appearance

« MINOS sensitivities based on varying numbers of protons on target
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Conclusio

* The MINOS Detectors and NuMI Beam construction and
Commisioning have been succesfully completed.

* Collecting Atmospheric Neutrino data since July 2003
* Collecting Accelerator Neutrino Data since March 2005
* Preliminary results of neutrino induced up-going muons

* First Results of FC and PC atmospheric neutrinos: Expect preprint
in hep server very soon.

 NuMI beam intensity is continuously improving, expect to have
1.x102° POT by the end of 2005.

 Both MINOS detectors operating satisfactorily
* Near MINOS detector accumulating high statistics
* Far detector data blind analysis

« Expect first physics results from NuMIl beam neutrinos in 2006
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MINOS EarDet

Up-going vs down-going muons
In L incidence: 10 planes < 2 ns
Single hit time resolution: 2.3 ns

Sense of direction:

« Compare hit times along
reconstructed track with up-going
or down — going hypothesis.

» Estimate the RMS deviations
RMS5, RMSpouy

* Choose hypothesis with smallest
RMS.

* RMS; - RMS,,,,n <& measure of
quality of direction determination

PANIC 2005, Santa Fe, NM, Oct 25, 2005

41



RTMOS Brod DownStop (Divection Hilcigncy)

Efficiency of correctly reconstructing stopping muon events as
down-going versus number of planes
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ATMOS (Q/n)/sigmatlQ/m_Stop

» Charge sign of p */ u- from curvature
* Use (Q/p)logy,
* u +/ u charge cleanly identified in 0.8 — 10 GeV

2 30000 R
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ATMOS: C-R Rejection: Trace (z-rojection)

A, = z- projection of extrapolated track to outside of detector

Reject track if A,<0.5m

=]
Jﬂ lﬂ %' LR L L L L AL L L L L '?
E E MINOS e data 3
E 10° b —— MC cosmic p -
= === MC atmos v 3

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
ﬁz /f m
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ATMOS: Topology Rejection

« 50% of remaining BGND consists of cosmic-ray muon
tracks that bend in the B field and turnover in z-direction.

* Use charge weighted deviations from fitted track in U-z, V-
z planes.

- Calculate <A;;,> and <A?,>1/2

* Reject if <A?,,>12> 0.5 m

* Reject if <A,,>>0.25m

* Event vertex = first hit of track with max y

* AR™@* = max displacement from event vertex of hits with +
4 planes. Reject if Agymax > 1.25 m

 After the topology cut S:B =1:5
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ATMOS: Vertex Charge/Direction Cut

MC cosmiic L

- After the topology cut S:B
=1:5

* Remaining BGND: CR
muon tracks poorly
reconstructed.

* Q,, = max{no PE within + 4
planes of Vertex}

* Plot Q,,,
* Reject if Q

vs |cos6,|, cosO,
> 300 PE

vix

- Steep tracks: |cos0,| < 0.5
lcos@,. | > 0.7
kept if Q,,, <100 PE

vix
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ATMOS: Selection of Upward PG Events

Event Topoloqgy

* Reject if Q,,, > 300 PE
* Reject if Agmax > 1.25 m

Track timing rms

* Up-going hypothesis (RMS,;;)

 Down-going hypothesis

(RMSpoyn)

* Plot (RMS;; — RMS, 5
Require:

*RMS; <4.33 ns

- (RMS,, — RMS, ) < -1.66 ns

*( Remember: single hit time
resolution = 2.3 ns)

Events
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